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Abstract 
 
Groote Eylandt Mining Company (GEMCO) mines manganese from leases of land 
with Arhnem Land’s traditional owners. The open cut mining operation requires 
dewatering of quarries, with some of the quarries being located in areas of 
montmorillonite (commonly known as smectite) clay. 
 
Through the action of groundwater infiltration through, and stormwater runoff over 
the exposed clay surface surrounding the quarry, the clay becomes finely dispersed 
which results in highly turbid quarry water. This colloidal suspension of clay in the 
water is attributed to the surface of the clay particles carrying a negative surface 
charge leading to a stable colloidal system of ultra fine particles. The particles do not 
settle out over time. 
 
When the quarry fills with water, mining activities must cease. In order for mining to 
continue, the water must be pumped to a discharge point or for reuse. There are 
several negative impacts from the turbid water, namely visual impact on the local 
river system (which is unacceptable to the traditional owners); detrimental effects on 
ecological aquatic systems; and finely dispersed particles blocking nozzles and 
screens should the water ever be reused at the ore concentrator. 
 
The aim of the project is to examine treatment of the water prior to discharge/reuse 
using a reagent to promote flocculation and settling of colloidal suspended material. 
The appropriate dosage for the concentration of material in the mine water along with 
a treatment methodology is to be established. 
 
On conclusion of this research project it is envisaged that GEMCO will be able to 
effectively manage discharge of mine water by treating mine water with colloidal 
suspension based on the recommendations made which will achieve suitably clarified 
water that has no detrimental effects on the environment that it is discharged to. 
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1 INTRODUCTION 
 
1.1 GROOTE EYLANDT   
 
1.1.1 LAND USE AND TRADITIONAL OWNERS 
Groote Eylandt is situated on the western side of the Gulf of Carpentaria forming the 
eastern border of the Arnhem Land Aboriginal Reserve (Figure 1.1).  Most inhabitants 
are Aboriginals who live in the townships of Angurugu and Umbakumba or small 
outstations around the island. Alyangula houses employees of Groote Eylandt Mining 
Company (GEMCO) or people who are indirectly related to the mining operation. 
Apart from the mining operations on the west coast, the land is used for traditional 
purposes by its Aboriginal owners. (Pietsch, Rawlings et al, 1997, p.1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Groote Eylandt Mining Company Locality Plan 
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Groote Eylandt belongs to the Anindilyakwa Aboriginal people. The local township 
of Angurugu was established by Anglican missionaries in 1942 and it lies in the 
middle of the Groote Eylandt manganese deposit.  
 
Manganese is mined from leases with traditional owners which extend over an area of 
approximately 50 square kilometres on the western side of the island.  
 
GEMCO has a responsibility to maintain a high standard of operation to ensure the 
best outcome its stakeholders which includes the traditional owners in the local 
indigenous community of Angurugu.  
 
1.1.2  EXPLORATION HISTORY AND MINING OPERATION 
The presence of manganese on Groote Eylandt was noted firstly in 1803 by explorer 
Captain Mark Flinders. Manganese is also evident in the historical art work of the 
traditional owners of Groote Eylandt. Visiting geologists and missionaries also 
recorded the occurrence of manganese outcrops before a major exploration program 
took place in the early 1960’s. The exploration program concluded that the reserves 
were sufficiently large to explore and develop the deposits. (Pietsch, Rawlings et al, 
1997, p.2) 
 
Manganese is used primarily as a strengthening agent in steel. It hardens the steel and 
improves its capacity to be worked. At the time of the major exploration program, 
BHP was importing significant quantities of manganese from overseas.  The Groote 
Eylandt manganese deposit is of high grade and is one of the largest single 
accumulations of economic manganese in the world. BHP formed GEMCO and 
mining operations commenced in 1966. (Pietsch, Rawlings et al, 1997, p.2) 
 
Mining operations at GEMCO involve the removal of manganese ore by open-cut 
strip mining. Areas from which ore has been extracted are backfilled with overburden 
from the next strip to be mined (pre-stripping). This pre-stripping method results in 
the mine quarries moving across the ore body, with pits being as deep as the ore body 
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in that particular location.  This varies from fairly shallow (approximately 5m) to 
quite deep (approximately 20m). (Pietsch, Rawlings et al, 1997, p.25) 
 
The recovered manganese ore is then beneficiated to specified qualities through a 
concentrator at the mine site before being transported 16 kilometres north to the ship 
loading area at Milner Bay in Alyangula.  
 
GEMCO recognises that the traditional owners wish to return the land to its pre-
mining state. The Health, Safety, Environment and Community department (HSEC) is 
responsible, among many other things, for ensuring that measures are taken to reduce 
the impact to water quality, ecosystems and therefore people due to site operations 
and water discharge. This is regulated by maintaining full compliance with the wishes 
of the traditional owners as well as all other regulatory requirements, in order to 
appropriately treat all discharged water streams to minimise the potential for turbid 
water leaving the lease boundaries. 
 
1.1.3 MINE WATER 
 
The tropical monsoonal climate of Groote Eylandt consists of two distinct seasons, the 
wet season and dry season. The average rainfall for the region is approximately 
1275mm per annum.  The strip mining method results in quarries that fill with water 
during the wet season from stormwater runoff. Year round, seepage from groundwater 
movement fills quarries. When the quarries fill with water, mining activities must 
cease. The water subsequently needs to be pumped out to continue the mining 
operation. 
 
The mine site (refer to the site plan in Appendix B) falls generally towards Angurugu 
River from both the north and the south and ultimately towards the coast. Quarry 
water is pumped from sumps in the southern quarries (such as A South) to an open 
channel called ‘the gash’ adjacent the dams area. This water is then pumped from a 
sump in ‘the gash’ into the slimes dam. It is then pumped through a series of pumps 
and dams until it reaches Dam 1. Water is then taken off Dam 1 for use through the 
concentrator.  
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The northern quarries (such as C and F1) which are located north of the Angurugu 
River require pumping to a point where fall is found towards the ocean. There is 
currently a zero discharge policy to the Angurugu River due to the risk of turbid water 
entering the river.  
 
1.1.4 MINE WATER WITH COLLOIDAL SUSPENSIONS 
 
 
Aside from the manganese ore, various types of clay are the most common mineral in 
the ore deposit. They cover extensive areas and cover the ore body as overburden 
(Prajecus, 1989, p.43). This overburden is disturbed when pre-stripping the quarries 
with dozers.  
 
Deposits of montmorillonite were originally recorded in the A South area. The rocks 
are clay to silt sized and show white and pink colours (Prajecus, 1989, p.43). More 
recently, a deposit of montmorillonite has been found in C Quarry. The 
montmorillonite clay is a dioctahedral mineral known commonly as smectite 
(Newman and Brown, 1987, p.49). These quarries are typified by mine water which is 
highly turbid compared with other quarries which contain clear water. 
 
In the case of C Quarry, the turbid water with colloidal suspensions has been sitting in 
situ since approximately 2000. The long range plan for the mine presently indicates 
that mining will again commence in C Quarry in 2008. Prior to this happening, the 
water will need to be clarified and then discharged. Once mining activities commence, 
a treatment procedure will need to be in place for the on going dewatering of C 
Quarry. 
 
A photograph which highlights the visual impact turbid water has on the Angurugu 
River is shown below in Figure 1.2. A tribal elder took this photo on an incoming 
flight to Groote Eylandt in January 2006 after a particularly heavy rainfall event. As 
mentioned above, when A South Quarry is dewatered, the water drains to an open 
channel adjacent the slimes dam called ‘the gash’. From ‘the gash’ this water is 
pumped into the dam for eventual reuse at the concentrator. 
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This particular incident occurred when water was pumped into the swamp on the 
ocean side of ‘the gash’ as a temporary measure due to construction work on the dam 
wall. The rainfall event carried turbid water from A South quarry into ‘the gash’ 
which then in turn ended up in the swamp and flowed into Angurugu River. 
 
This resulted in GEMCO recording a significant incident and following up with an 
investigation. The result of the investigation was that there is now a zero discharge 
policy into the Angurugu River.  
 
The traditional owners believe that turbid water is resulting in a delta forming at the 
river mouth which is affecting their traditional activities such as crabbing and fishing.   
 
It is widely accepted when the turbid water meets saline water in an estuary, the 
suspended material will settle. Incidents such as this and dewatering quarries with 
colloidal suspensions require a management procedure to be put in place to avoid 
potentially negative downstream consequences.  
 
 
 
Figure 1.2: Highly Turbid Water Enters Angurugu River, 2006 
 
A significant amount of water is used at the ore concentrator as part of the 
beneficiation process. Water is used in the concentrator to help the crushed ore flow 
through each process and for washing, scrubbing and screening processes. Presently, 
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approximately 700l/s (Dospisil, P 2005, pers. comm. 21 Dec) of water is required to 
run the ore concentrator. 
 
Water is sourced from bore fields which pump water continuously from aquifers on 
the mine site directly into Dam 1. Some of the southern quarries are dewatered via 
pumps into channels which run towards ‘the gash’ adjacent the slimes dam for reuse 
at the concentrator. These channels also pick up stormwater runoff from the 
surrounding catchments.  
 
The slimes dams recycle water from the concentrator as well as from dewatering 
operations.  Refer to the site plan in Appendix B for an overview of the water flow 
around the mine site. 
 
The mine is potentially going to embark on an expansion project in a bid to increase 
its annual ore production. This will increase the requirement for water in the 
concentrator.  
 
Water sourced from the bore fields comes at a considerable expense as the pumps are 
run off generator sets which consume diesel fuel. The bores pump water from 
approximately 65m underground.  
 
Recycling water from quarry dewatering is a sustainable and cost effective source of 
water that could partially replace usage of the bore fields. Infrastructure would need to 
be provided from the northern quarries to harvest stormwater and quarry dewatering 
runoff and get it across the river to the Dams area. 
 
Highly turbid water entering the concentrator to be used in the beneficiation process is 
of concern due to the potential for the fine nozzles for spraying water and screens in 
the scrubbing process becoming blocked. Currently, the volume of turbid water from 
A South entering the dams is not significant and becomes diluted with the clear water 
from the bore fields and this is not currently a problem. However, this may not always 
be the case. Should mine water be recycled at the concentrator thus reducing the 
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amount of water sourced from the bore fields, then any turbid water must firstly be 
clarified. 
 
1.2 PROBLEM STATEMENT  
 
The relationship between GEMCO and the local community is an important one. 
(Millgate, J 2006, pers. comm., 17 Jan). Turbid discharge into Angurugu River is 
considered totally unacceptable by the local community and by GEMCO. During the 
wet season, large amounts of rainfall lead to a requirement for dewatering quarries. 
Dewatering C and F1 Quarries can discharge into the Angurugu River catchment area 
and result in turbid waters entering the river. Dewatering A South quarry discharges 
eventually to Dam 1. Highly turbid water could lead to problems at the ore 
concentrator.  
 
The current dewatering practice in C and F1 Quarries is to pump the water to inactive 
quarries nearby. The water is then contained in the new location until mining 
operations must commence there and then the process is repeated. This transfer of 
water around the C and F1 area is an inefficient practice that is necessitated by the 
zero discharge policy into Angurugu River.  
 
Turbid water in A South and C Quarries containing montmorillonite clay suspensions 
should be dewatered either to the environment or for reuse at the concentrator.  
Therefore, clarification of the water is necessary prior to either of these options taking 
place.  
 
A procedure for treatment of highly turbid mine water needs to be in place at 
GEMCO. The procedure should be of a technical nature with managerial guidelines. 
To this end, the project work will examine treatment methods that are viable for the 
operation at GEMCO. A final recommendation will be made based on the most cost 
effective and practicable method to implement.  
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1.3 OBJECTIVES OF THE WORK 
 
The aim of the project is that the proposed treatment will result in effective 
destabilisation and flocculation of the colloidal suspensions on a laboratory scale. The 
clarified water should be of acceptable turbidity for discharge to the environment or 
for reuse in the concentrator. This dissertation will discuss the findings of the 
investigation and make certain recommendations for field scale treatment.  
 
To achieve this aim the project objectives are: 
 
• Research information on montmorillonite clay and how the clay goes into 
suspension, colloidal systems, available reagents for aiding in treatment of the 
water, effects of turbid and treated water on the environment 
• Critically review the literature available that covers the above topics 
• Determine which reagents are feasible for the operation at GEMCO 
• Determine an appropriate methodology for testing the chosen reagents and 
complete laboratory testing of samples 
• Design a treatment approach for field operation based on laboratory test results 
and from a cost effectiveness and ease of application point of view 
• Recommend a treatment procedure that is compatible with GEMCO’s 
operations. 
 
1.4 RISK ASSESSMENT 
 
Any activity conducted on the mine site must be in accordance with BHP’s Fatal Risk 
Control Protocols. The work for this project was subject to preparation of a Job 
Hazard Analysis (JHA) and Take 2 (‘Take 2 minutes for safety’). In the research and 
testing phases of this project, there were tasks which involved preparation of a JHA 
prior to the task taking place. Take 2’s were performed as necessary or where the 
scope of the task was similar to the JHA sheet, but slightly varied. 
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The JHA that was prepared for this project included the water sampling and water 
testing tasks. The JHA sheet can be found in Appendix C. 
 
Prior to undertaking laboratory testing, a full laboratory induction was undertaken 
with the Supervisor of this work area. A copy of the induction sheet is also contained 
in Appendix C. 
 
The outcome of this project work is the development of a water treatment procedure 
which will be adopted at the GEMCO site for future treatment purposes. Written into 
the procedure will be a job hazard analysis which will apply in the implementation of 
the treatment procedure.
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2 LITERATURE REVIEW 
 
In order to have an understanding of how to treat colloidal suspensions, it is important 
to understand the structure of clays, how they go into suspension, colloidal systems, 
clarification of turbid water through the processes of coagulation and flocculation and 
finally sedimentation. The purpose of the literature review was to develop an 
understanding of these mechanisms.   
 
2.1 WATER QUALITY INDICATORS - TURBIDITY AND pH 
 
Turbidity is a measure of water clarity. Suspended particles in the water cause light 
rays to be scattered. This imparts a ‘false’ colour to the water (USQ, 2004). The 
suspended particles are usually the result of clays, silt or other colloidal suspended 
matter (USQ, 2004). Measured in nephelometric turbidity units (NTU), turbidity is an 
indicator of the quality of water in rivers (EPA, 1997).  
 
High turbidity has a number of detrimental effects on aquatic ecosystems. The 
reduction of light penetration and visibility can limit plant growth and fish movements 
(EPA, 1997). Suspended solids can stress fish and other aquatic fauna by clogging 
gills and causing abrasive injuries to respiratory passages (EPA, 1997). Settled 
sediments from turbid water smother organisms living on the bottom of water ways 
therefore altering aquatic habitats (EPA, 1997). 
 
Tazaki et al (2003) examined the effects of flushed dam sediments on down-stream 
bottom dwelling aquatic habitats in Toyama Bay, Honshu, Japan.   
 
Controlled exposure experiments with rainbow trout were carried out using smectite 
suspensions to examine the effect of expanding clays on the gills of fish (Tazaki et al, 
2003, p.244). Even for a small amount of smectite suspension in the water (0.5g/l), 2 
out of 9 trout died after 18 hours in the water. Examination by optical microscopy 
revealed that the gill area was reduced because of the smectite (Tazaki et al, 2003, 
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p.250). The gills with smectite suspensions show both damage to the body tissue and 
changes in the chemistry (Tazaki et al, 2003, p.250). 
 
Flatfish were also collected from Toyama Bay after upstream dams were flushed and 
their gills examined. Thin films of clay mineral sediments of smectite were found on 
their gills. 
 
It was concluded from the study that particles <75µm were fine enough to pass 
through the gill membranes and cover the spaces of the gill tissue. This was thought to 
induce mucus production thus reducing the rate of oxygen diffusion from the 
surrounding water in to the fishes blood (Tazaki et al, 2003, p.250). Coarser particles 
(750-250µm) were large enough to cause mechanical abrasion of the gill (Tazaki et al, 
2003, p.250). 
 
Dam flushing also corresponded to drastic declines in yearly flatfish catches. Wakame 
seaweed production was also reduced (Tazaki et al, 2003, p.252). The seaweed 
provides important spawning ground for flatfish. 
 
The Environmental Protection Agency (EPA, 1997) lists the following levels of NTU 
as a guide to river water quality: 
 
• good (< 5 NTU) 
• fair (5-50 NTU) 
• poor (> 50 NTU) 
 
The EPA suggests that turbidity below 50 NTU is suitable for protecting aquatic 
animals and plants. 
 
The pH of an aquatic environment is also important water quality indicator. pH is a 
measure of acidity or alkalinity of water. pH 7 is neutral and values above this tend 
towards alkalinity and below this tend towards acidity (USQ, 2004). All animals and 
plants are adapted to specific pH ranges, generally between 6.5 and 8.0 (Waterwatch 
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Australia, 2002). If the pH of a waterway or waterbody is outside the normal range for 
an organism it can cause stress or even death to that organism (Waterwatch Australia, 
2002).  
  
Table 2.1 below gives guidelines pH levels as they relate to water quality in rivers.   
 
 Excellent Good Fair Poor Degraded 
pH 
Range 
6.0-7.5 
5.5-6 or 
<8.0 
8.0-8.5 
5.0-5.5 or 
8.5-9.0 
<5.0 or 
>9.0 
 
Table 2.1 Water Quality Guidelines (pH) for Rivers (Waterwatch Australia, 2002) 
 
2.2 COLLOIDAL SYSTEMS 
 
Colloids are dispersions of small particles of one material in another (Atkins, 1990, 
p.706). Colloids are defined by size and the colloidal range can extend from 1 
nanometer (10-9m) to 1 micrometer (10-6m) (Shaw, 1991, p.1). Particles are not able to 
be seen with optical microscopes and can pass through most filter papers (Atkins, 
1990, p.706). 
 
Figure 2.1 shows the size of colloids as they relate to other matter found in water. 
 
Figure 2:1: Size Spectrum of Waterborne Particles (Benefield et al, 1982, p.182) 
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Colloids have a large surface area in the dispersed phase compared with the same 
amount of ordinary material. To explain this, imagine a 1cm cube with a surface area 
of 6cm2. Say the cube becomes dispersed as 1018  small 10ηm cubes, the total surface 
area increases substantially to 6 x 106cm2 (Atkins, 1990, p.707). This important feature 
means that surface chemistry of the solids along with the composition of the aqueous 
solution dominates the nature of the colloidal system (Atkins, 1990, p.707). 
 
Clay particles suspended in water are a common type of colloidal system called a clay 
suspension. The clay suspension imparts turbidity to the water because the tiny clay 
particles scatter light in all directions (van Olphen, 1963, p.1). 
 
The dispersed particles collide frequently due to Brownian motion (van Olphen, 1963 
p.9). The suspended particle is constantly and randomly bombarded from all sides by 
molecules of the liquid. If the particle is very small, as in colloids, the hits it takes 
from one side will be stronger than the bumps from other side, causing it to jump 
(Shaw, 1991, p.24). These small random jumps are what make up Brownian motion 
(Shaw, 1991, p.24). Extraneous sources such as mechanical vibrations, convection 
currents and agitation have no effect on the particles movements and the particles 
seem to move independently (Russel et al, 1989, p.65). 
 
The stability of a colloidal system is based on the sum of repulsion and attraction 
energies present. A prevailing repulsive energy means the system will remain in a 
dispersed state. If attraction energy prevails, the system will flocculate (Evangelou, 
1998, p.373). 
  
Smectite clays are known to carry a negative surface charge and when they are 
immersed in water, a phenomenon known as an electric double layer forms at the clay 
water interface which leads to a stable colloidal system (Zhou et al, 1994, p.747). In 
these systems, this energy barrier which exists retards the process of coagulation 
(Hogg, 2005, p.807). The system may remain virtually unchanged for a considerable 
period of time.  
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2.3 ELECTRIC DOUBLE LAYER 
 
As has been discussed above, the stability characteristics of the clay suspension are a 
result of interactions between the clay particles within the suspension. A major source 
of stability is the existence of an electric charge on the surface of a particle.  Ions in 
the medium of an equivalent and opposite charge cluster nearby the particle and a 
layer of rigid ionic atmosphere is formed (Atkins, 1990, p.708). 
 
This rigid layer is surrounded by a diffuse ionic cloud which extends into the bulk 
solution as the charged unit attracts an oppositely charged ionic atmosphere (Atkins, 
1990, p.708). This layer is called the diffuse layer. The two layers make up the 
electric double layer or diffuse double layer (Atkins, 1990, p.708). 
 
 
Figure 2.2: Electric Double Layer 
 
The electric potential at the shear plane (refer to Figure 2.2) is relative to its value in 
the distant, bulk medium and is called the zeta potential. The electric potential decays 
across the double layer (Atkins, 1990, p.709). 
 
The electric double layer is ionic in character and changes to the nature of the ionic 
species in solution has direct effects on the layer and therefore impacts on the zeta 
potential of the colloidal suspension (Velde, 1995, 178).  
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In a solution of low ionic strength, the electric double layer will be wide and the zeta 
potential high. At high ionic strengths, the atmosphere is dense and the potential of 
the particle is low (Velde, 1995, 178).  Figure 2.3 demonstrates this change in the 
electric double layer due to ionic strength of the solution. At high ionic strengths, 
there is little electrostatic repulsion to hinder the close approach of two colloid 
particles, flocculation can readily occur as a consequence of Van der Waals forces 
(van Olphen, 1963 p.37).  
 
 
Figure 2.3 Changes to Electric Double Layer due to Ionic Strength (Velde, 1995) 
 
2.4 CLAYS 
 
Clays are defined based on their crystal size. Minerals with particles less than 2µm are 
defined as clays (Velde, 1995, p.9). The minerals most commonly called clays are 
sheet-shaped and are called phyllosilicates. Their particles are plate like, being much 
thinner than wide or long (Velde, 1995, p.17). 
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The basic building elements of any clay mineral are two-dimensional arrays of 
silicon-oxygen tetrahedra and two-dimensional arrays of aluminium- or magnesium-
oxygen-hydroxyl octahedra (van Olphen, 1963 p.59). 
 
Most clay structures have tetrahedral and octahedral layers linked together in the sheet 
structure. This is done through sharing an oxygen atom (van Olphen, 1963 p.62). This 
sharing occurs in the z direction of the structure. When layers are linked, the upper 
oxygens of the octahedral units are shared with tetrahedra (Grim, 1962, p.16). 
 
Unlike tetrahedra, in the octahedral linkages the number of cations can vary between 
two and three. For example, there could be 3 Mg2+ (magnesium) ions present or 2 
Al3+ (aluminium) ions in the octahedral sites (van Olphen, 1963 p.62). When three 
ions are present, the structure is called trioctahedral and when two cations are present, 
the structure is called dioctahedral (van Olphen, 1963 p.64). This forms the 
fundamental classification scheme for clay minerals.  
 
Montmorillonite is dioctahedral and its structure is represented in Figure 2.4 below. 
There is an octahedral sheet sandwiched between two tetrahedral sheets and thus 
montmorillonite is called a 2:1 structure (Newman, 1987 p.49).   
 
Al (yellow octahedra) and Mg (blue octahedra) can form the octahedral layer. The 
charged double layers are held together by interlayer cations Ca and Na (Newman, 
1987 p.48). These cations are represented by purple spheres in Figure 2.4. 
 
Figure 2.4: Structure of Montmorillonite Clay 
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The layer thicknesses are the fundamental means of identifying clay mineral species 
(Velde, 1995, p.20). The layer thickness dimension can be measured by X-ray 
diffraction analysis (XRD). The unit layer thickness of montmorillonite is 10A 
(Angstroms) (Velde, 1995, p.17). 
 
Variable amounts of water can be held between the layers of montmorillonite clay and 
the layer spacing can expand and contract depending on the available hydration.   
 
2.5 MONTMORILLONITE CLAY AND WATER 
 
When in the presence of water, cations on the clay layer surfaces can be easily 
exchanged with other cations that are available in the solution (van Olphen, 1963 
p.66).  The water molecules penetrate between the unit layers resulting in inter-layer 
swelling (van Olphen, 1963 p.66).  Montmorillonites are particularly susceptible to 
this swelling mechanism. Their interlayer spacing can increase to 20A in the presence 
of water (van Olphen, 1963 p.67). Hence, they are also known as expanding or 
swelling clays (Velde, 1995, p.12). In the presence of enough water due to various 
swelling mechanisms, disintegration of the clay into a dispersion can lead to a 
colloidal system. 
 
2.6 CLARIFICATION OF TURBID WATER 
 
Clarification of water is achieved by the process of coagulation and flocculation 
which is facilitated by the addition of reagents to the turbid water. The resulting 
agglomeration of particles leads to solid liquid separation by sedimentation (Hogg, 
2005, p.838). 
 
There are a number of techniques by which clarification can be achieved. The most 
common is dosing the water after the event that imparts turbidity to the water (ie 
stormwater runoff event). Dosing with gypsum is common as is using aluminium 
sulphate (Robinson, 2001).   
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When gypsum is used, the water needs to stand for a few days so that the particles can 
settle out before the water is discharged. This approach requires large volumes of 
gypsum and has the disadvantage that an additional storm event can result in overflow 
into the environment before proper settling can occur (Robinson, 2001).  
 
This is partially overcome by the newer polymer based settling materials. Polymers 
require less material and settling is rapid however, they can be expensive and require 
careful processing (Robinson, 2001). 
 
2.6.1 COAGULATION AND FLOCCULATION 
 
The words flocculation and coagulation tend to be used interchangeably in texts 
relating to colloid chemistry to describe the aggregation process. However, in 
minerals processing where synthetic polymers are used, there is a distinct difference 
between the two mechanisms. 
 
Coagulation describes the destabilisation of colloidal dispersions by adding ions 
which cause a reduction in the mutually repulsive electrical double layer forces 
present at the solid liquid interface (Nalco, 2004). 
 
Flocculation is the aggregation of colloidal suspensions by the action of high 
molecular weight polymers soluble in the continuous phase by means other than 
charge reduction (Nalco, 2004).  
  
In order for aggregation to occur two things must happen, particles must approach 
each other close enough to interact and they must stick together as a result. Three 
physical processes are responsible for bringing the particles together. Brownian 
motion, velocity gradients due to laminar and turbulent shear and differential settling. 
(Nalco, 2004). 
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The repulsive forces responsible for the stability of colloidal dispersions are usually of 
electrical origin and result from the development of electrical charges on particle 
surfaces. (Nalco, 2004). 
 
2.6.2 POLYMER TECHNOLOGY 
 
Polymers are used in large-scale industrial effluent treatment (Krentz et al, 2003, 
p.423-430). Synthetic polymers are versatile and can be tailored to a specific 
application (Nalco, 2004). 
 
A polymer is a chain of sub-units called monomers (Nalco, 2004). The total number 
of units in a synthetic polymer can be varied producing materials of differing 
molecular weights (chain length). The polymer chains can be linear, branched or 
cross-linked (Nalco, 2004). 
 
If the polymer contains ions such as carboxyl or amino, the polymer is called a 
polyelectrolyte. These polyelectrolytes can be termed cationic (contains positive ions) 
or anionic (contains negative ions). Polymers without ionisable groups are called non-
ionic or polyacrylamides (Nalco, 2004). 
 
Polyelectrolytes function primarily by charge neutralisation and offer the advantage of 
large and robust floc structure (Nalco, 2004). Polymer flocculation involves the 
following phases (Nalco, 2004): 
 
• Dispersion of polymer solution into the solution 
• Absorption of polymer segments onto particle surface 
• Collision of particles partially covered with polymer loops to form polymer 
bridges  
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The selection of polymer type is generally based on the pH of the solution and the 
surface charge of the colloidal suspension. Figure 2.5 provides a general guideline to 
polymer selection. 
 
 
Figure 2.5: Guideline to Polymer Selection (Nalco, 2004). 
 
An important aspect of using polymers is that there needs to be a uniform distribution 
of the polymer molecules through the water being treated. Polymer to particle contact 
is vital for the success of using polymer technology. Conversely, excessive agitation 
can leads to polymer breakdown (Nalco, 2004). 
 
Polymers can also be sensitive to overdosing. Water that is overdosed can remain 
turbid and become very hard to treat (Citiwater Laboratories, 2000).  Most synthetic 
polymers have a moderate toxicity to fish (Haslam, 2004). 
  
There are concerns about the use of polyacrylamides relating to toxicity of the 
acrylamide molecule. It is known as a peripheral nerve toxin and may disrupt sensory, 
motor and autonomic function in peripheral nerves (Smith, 1995 cited in Cleaves, 
2002). 
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2.6.3 GYPSUM 
 
Gypsum is a naturally occurring mineral or can be synthetic, produced as a by-product 
from some refining processes, particularly fertilizers (Zhou et al, 2003, p.746). 
Gypsum is widely used in the building industry and is an economical resource. 
Gypsum can be readily dissolved into solution. 
 
Zhou et al (2003) examined the settling characteristics of solids in coal mine effluent 
using gypsum to destabilize colloidal suspensions.   
 
The fine particles suspended in the effluent water at the study site were mostly 
dioctahedral smectite (Zhou et al, 2003, p.746). The suspended solids were colloidal 
size particles that formed a stable suspension (Zhou et al, 2003, p.746). 
 
Gypsum was pre dissolved in deionised water and its concentrations were controlled 
over a range of dosages (Zhou et al, 2003, p.749). The suspension was poured into 
graduated settling tubes. After the clays had flocculated and settled in the settling 
tube, a boundary appeared between the clay flocs and the supernatant water (Zhou et 
al, 2003, p.749). The boundary moved downward as settling progressed.  
 
Settling curves were plotted from the above test and could be divided into two 
portions: an initial nearly linear portion with a steep slope, and a second flatter 
portion. The former represented a free settling process, and the latter represented a 
hindered settling process within a mass of flocculated clays (Zhou et al, 2003, p.750). 
 
It was concluded that gypsum could be used to flocculate the suspended solids. Even a 
small amount of gypsum flocculated the system and caused the clays to settle (Zhou et 
al, 2003, p.750). 
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2.6.4 SEAWATER 
 
It is commonly known that when turbid water meets saline water in estuaries, 
suspended clays settle out forming deltas at river mouths (Twidale, 1993, p.152). This 
is the process of salt flocculation. Salt flocculation occurs between fine grained 
particles that are charged. The charge may originate from substitutions within the 
mineral structure or from surface reactions (Velde, 1995, p.178). 
 
Ion exchange from the saline solution into the crystal structure of the clay may 
destabilise the charge. Conversely, a pH change may affect the surface chemistry of 
the particle in suspension. In a solution of high ionic strength, the diffuse double layer 
around the particle can become so compressed that as the particles approach each 
other due to Brownian Motion or otherwise, the van de Waals attraction between them 
stick the particles together (Velde, 1995, p.179). 
 
After collision due to Brownian Motion the particles usually separate again. However, 
when a small amount of salt is added to the clay dispersion, the particles stick together 
upon collision. Agglomerates (also known as flocs) grow in the suspension and these 
flocs settle rather quickly. In this way, a bottom sediment forms, leaving a clear, 
particle free supernatant liquid (van Olphen, 1963, p.10). 
 
The sticking together of particles upon collision means that there are attractive forces 
between the particles. These attractive forces are attributed to the van der Waals 
attraction forces where all the atoms of one particle are attracted to all the atoms of 
another particle. In a suspension, there are also repulsive forces operating due to the 
similarly charge particles and both the attractive and repulsive forces operate 
simultaneously.  This repulsion decreases with increasing salt concentration (van 
Olphen, 1963, p.12). 
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In surface waters of the open oceans, salinity ranges from 33 to 37 (Brown et al, 1989, 
p.30). The average concentrations of the principle ions in seawater are listed in the 
following Table 2.2 below (in parts per thousand by weight). 
 
 
Ion 
% by 
weight 
 
chloride, Cl- 18.980 
sulphate, SO42- 2.649 
bicarbonate, HCO3- 0.140 
bromide, Br- 0.065 
borate, H2BO3- 0.026 
fluoride, F- 0.001 
}negatives ions (anions) total = 21.861% 
sodium, Na+ 10.556 
magnesium, Mg2+ 1.272 
calcium, Ca2+ 0.400 
potassium, K+ 0.380 
strontium, Sr2+ 0.013 
}positive ions (cations) total  = 12.621% 
               
              overall salinity                   = 34.482% 
 
Table 2.2 Principle Ions in Seawater (Brown et al, 1989, p.30) 
 
Even though the weight of the negative ions exceeds that of the positive ions, the 
seawater does not carry a net negative charge (Brown et al, 1989, p.30). 
 
Average salt content in the ocean is 35 grams per kilogram of seawater, composed 
mostly of the free ions: sodium (Na+), chloride (Cl−), sulphate (SO42−), magnesium 
(Mg2+), calcium (Ca2+), and potassium (K+) (Brown et al, 1989, p.30).  
 
Electrical conductivity of water gives a direct indication of the salinity of water. 
Electrical conductivity can be measured in milliSiemens per centimetre (mS/cm) or 
microSiemens per centimetre (µS/cm), which is equal to mS/cm x 1000. 
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Table 2.3 (Waterwatch Australia, 2002) shows some typical electrical conductivity 
ranges for various water types. 
 
Water type Electrical Conductivity (µS/cm) 
Deionised water 0.5-3 
Pure rainwater <15 
Freshwater rivers 0-800 
Marginal river water 800-1600 
Brackish water 1600-4800 
Saline water >4800 
Seawater 51 500 
Industrial waters 100-10 000 
 
Table 2.3 Typical electrical Conductivity Ranges (Waterwatch Australia, 2002) 
 
2.7 SEDIMENTATION 
 
Sedimentation is the separation of suspended particles from water by gravitational 
settling. The primary purpose is to produce a clarified effluent (Nalco, 2004). 
  
For successful solids-liquids separation the settling rate of particles should be 
increased such that gravitational are sufficient to provide adequate separation. The 
settling rate of particles is affected by their size, shape and weight, as well as by the 
density of the liquid they are settling through (Nalco, 2004).  
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Stokes Law equates this settling velocity (ν) with the physical characteristics of the 
particle and the medium in which it is settling (Nalco, 2004). 
 
ηg
ddgav )(2 21
2 −=  
where ν = settling rate 
 α = radius of settling particle 
 d1 = density of particle 
 d2 = density of fluid 
 η = coefficient of fluid viscosity 
 g = gravitational constant 
 
Thus, according to Stokes law, the particle radius has the most influence on the 
settling rate. Increases in floc size through coagulation and flocculation will influence 
the settling rate accordingly. 
 
Treatment of water in a clarification pond is recommended. In situ treatment such as 
in dams (or in the case of this project, in the quarry) is not always satisfactory. The 
settled sludge from such treatment may be redispersed by slight disturbances of the 
water due to wind action. Further inflow of the untreated water also counteracts the 
effect of earlier treatment (Department of Agriculture, 2004).  
 
Where a clarification pond is protected and further inflow can be diverted, treatment 
can be satisfactory, particularly if a floating take-off is used to pump out the clear 
water (Department of Agriculture, 2004). This take-off can be made to always remain 
a certain distance above the bottom so that sludge is not picked up (Department of 
Agriculture, 2004). 
 
As soon as the clear water has been removed, the sludge should be removed to waste. 
Sludge left in the clarification pond can prevent satisfactory treatment of the next fill 
(Department of Agriculture, 2004). 
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2.8 OTHER CLARIFICATION METHODS 
 
2.8.1 ELECTROFLOCCULATION 
 
Water runoff from building sites can result in considerable pick up of clay particles. 
This can result in silting up of waterways leading to environmental problems. 
Environmental guidelines now require that the water must have a value of less than 50 
mg/L for general discharge or less than 30mg/L for discharge into environmentally 
sensitive areas (EPA, 1997).  
 
Electro flocculation is a technique in which water is electrolytically treated with 
sacrificial electrodes, generating the metal flocculating ions and gas bubbles in the 
same reaction. Suspended material is destabilised and carried to the surface in the gas 
bubbles where they can be separated from the water. Aluminium electrodes are placed 
in a reaction tank. The water is pumped into the tank until it reaches the appropriate 
level, at which stage the electrodes are activated. A current passes between the anodes 
and cathodes effectively introducing flocculating aluminium cation into the water 
without any anions being introduced (Robinson, 2001). 
 
2.8.2 FLOCCULANT  BLOCKS 
 
Flocculant blocks are solid blocks of slow release flocculant which work by releasing 
into the water stream trace amounts of anionic polymer chain molecules which act to 
bind together clay fines so that they will settle out rapidly leaving clear water for 
disposal or re use (Environmental Warehouse, 2003). 
 
A secure dosing point should be prepared such as a mesh cage in the flow channel. 
The blocks should be placed just prior to the flow entering a settling pond and the 
results observed.  To increase dosage, more flocculant blocks are used per volume of 
water. The optimum number must be determined by trial and will depend on flow 
volume, solids content and solids type (Environmental Warehouse, 2003). 
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The carrier polymer is non toxic and the solids settle rapidly due to the chain 
molecules binding together with the clay particles to form large flocs (Environmental 
Warehouse, 2003). 
 
Clarified water can then be discharged. Figure 2.6 shows the schematic treatment 
method for flocculant blocks. 
 
Figure 2.6: Flocculant Block Treatment Method (Environmental Warehouse, 2003) 
 
2.8.3 CONSTRUCTED WETLANDS 
 
Braskerud (2001) investigated the influence of vegetation on sedimentation of 
suspended particles using constructed surface flow wetlands (CWs).  
 
The hypothesis for the effect of increased sedimentation due to vegetation was a 
combination of reduced turbulence and reduced water velocity (Braskerud, 2001, 
p.1447). The mechanisms thought to produce increased sedimentation were i) 
particles flowing into plant stems and leaves ii) particles sticking to the biofilm on 
macrophytes and iii) random processes moving particles to immersed surfaces 
(Braskerud, 2001, p.1447). 
 
Vegetation was also thought to shelter trapped sediments from iv) resuspension. It 
was also considered possible that aggregates were formed through v) flocculation in 
CWs via a) small scale turbulent water to increase particle interaction and b) 
organisms producing sticky organic matter to stimulate flocculation (Braskerud, 2001, 
p.1447). 
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After six years of investigations, results showed that the retention of clay particles in 
the CWs exceeded model estimates by a factor of 2.5 to 8.2 (Braskerud, 2001, 
p.1447).  Also, the study found that vegetation did not have any influence on the clay 
concentration in the sediment (Braskerud, 2001, p.1447). Thus, the clay suspensions 
are not removed from the water by the filtration of the water through vegetation.
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3 RESEARCH METHODOLOGY 
 
3.1 PREVIOUS STUDIES 
 
Previous to this project work, turbid mine water had been sent away to external 
laboratories for testing to seek advice on treatment options. 
 
3.1.1 CITIWATER LABORATORIES 
 
Citiwater Laboraties of Townsville City Council undertook testing of C Quarry Water 
samples in August, 2000. A ten litre sample of water was jar tested to ascertain the 
best method of clarification of the water.  
 
3.1.2 GEMCO HSEC DEPARTMENT 
 
GEMCO Environmental Officers from the Health, Safety, Environment and 
Community (HSEC) Department undertook testing on flocculant blocks in 2000 
however results from the trials were not able to be located.  
 
Dosing is controlled by the slow release mechanism of the flocculant block. Based on 
evidence of previous work and the fact that the blocks appeared to be easy to apply in 
the field, flocculant blocks were sourced for testing as part of this project. 
 
3.1.3 CIBA SPECIALTY CHEMICALS 
 
Ciba Specialty Chemicals undertook testing on C Quarry water samples in June, 2004. 
Based on this previous test work, Ciba Specialty Chemicals were contacted and 
samples of their products used in bench top testing. 
 
3.2 X-RAY DIFFRACTION (XRD) ANALYSIS 
 
Confirmation of the nature of the colloids in the water was investigated to obtain an 
understanding of the cause of the turbidity. In the case of the C Quarry water, smectite 
Treatment of Mine Water                                                                                                              Chapter 3         
with Colloidal Suspensions                                                                                      Research Methodology 
 
30
clay was thought to be the cause (Keen, R  2005, pers. comm., 15 Dec). Smectite or 
more specifically, montmorillonite clay had been identified in some areas around the 
mine site during the exploration program in the 1960’s. 
 
A sample of clay from C Quarry was taken and the mineralogical composition of the 
sample was measured by XRD analysis performed in the metallurgy laboratory.  
 
3.3 PARTICLE SIZE DISTRIBUTION 
 
The particle size distribution was outsourced to Microns to Measure in order to 
determine if the turbid water was caused by fine particles which were within the range 
that would classify them as a colloidal suspension. A 1 litre sample of C Quarry water 
was collected and sent for testing.  
 
3.4 COLLECTING SAMPLE WATER 
 
Water collected from C Quarry for testing was undertaken in accordance with the Job 
Hazard Analysis (JHA) which can be found in Appendix C.  Water was collected with 
a bailer and transferred into water sample bottles. Figure 3.1 shows water collection 
being undertaken. 
 
 
Figure 3.1: Collection of Sample Water 
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Batches of water were collected and stored in 10 litre buckets at the laboratory as 
required. The temperature of the storage area was equivalent to the outdoor 
temperature and water was not stored for more than three days at a time. 
 
3.5 PHASE 1 - PRELIMINARY LABORATORY TEST WORK 
 
A range of reagents from various chemical companies were received at the laboratory. 
Seawater was also collected from Milner Bay to be used as a reagent. The objective of 
the preliminary tests was to screen the reagents by investigating their effectiveness in 
treating the colloidal suspensions of montmorillonite clay in the sample water. 
 
In total, nine (9) reagents were sourced for the screening tests. Table 3.1 on the 
following page lists the reagents that were used in the screening tests with a brief 
description of each. 
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No. Reagent Name Description Source 
1 Aluminium Sulphate (Liquid) Alum Liquid, clear non-viscous liquid Coogee Chemicals 
2 Ciba Magnasol 589 Coagulant Aqueous solution of inorganic salts  and cationic polymer Ciba Specialty Chemicals 
3 Ciba Magnasol 576 Aqueous solution of inorganic salts Ciba Specialty Chemicals 
4 Nalcoag 3268 
 
Polyquaternary Amine in aqueous solution Nalco Australia 
5 Ultrion 8187 
(Water Clarification Aid) 
Aluminium Salts Water Nalco Australia 
6 Ultrion 83697 
(Potable Coagulant) 
Polyquaternary amine, polyaluminium chloride, water Nalco Australia 
7 Micro-Gyp Off white powder form with major elements of Calcium, 
Sulphur and gypsum 
Gypsum Products Australia 
8 DamClear Flocculant Block Flocculant in 3kg block form Environmental Warehouse 
9 Seawater  Collected from Milner Bay Boat 
Ramp 
 
Table 3.1: Available Reagents for Preliminary Laboratory Test Work 
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During the preliminary test work phase, tests for each reagent were conducted over a 
range of dosages in 100mL beakers to assess the approximate optimum dosage 
(Figure 3.2). This was done by choosing the dosage that gave a visually clarified 
supernatant at the minimum dosage. 
 
In some cases, suggested dosing rates and results of the previous studies were used as 
a guide for the products that had been previously tested. The polymers generally had 
to be diluted with distilled water to achieve the dosage rate as they came in a 
concentrated, viscous form. 
 
Reaction of the colloidal suspension to the addition of each of reagent was visually 
observed and this information was recorded onto test report forms. A template test 
report form can be found in Appendix F. 
 
 
Figure 3.2: Preliminary Laboratory Test Work 
3.5.1 FLOCCULANT BLOCK TEST 
 
The flocculant block was initially tested on sample water by cutting a small cube from 
the larger block and adding it to a flask with sample water. The water was then 
agitated so that the flocculant block would contact the sample water. 
 
The flocculant block was also tested in the field in an area where turbid water was 
discharging through a pipe culvert with supercritical flow (creating an area of 
turbulence) into a relatively flat and shallow area with slow laminar flow (creating an 
area where particles could settle). 
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3.5.2 PHASE 1 SUMMARY 
 
The observations made during the screening tests are described Chapter 4. Five (5) 
reagents appeared to achieve the desired results. 
 
• ULTRION 83679  
• CIBA Magnasol 589 
• Aluminium Sulphate  
• Microgyp 
• Seawater 
 
3.6 PHASE 2 – LABORATORY TEST WORK 
 
3.6.1 EQUIPMENT 
 
The following equipment was used for conducting the test work: 
• Several 2000mL graduated beakers (matched) 
• Several pipettes and one syringe for reagent addition 
• Stop watch to measure settling time 
• Reagent solutions prepared in flasks 
• Turbidity meter (YSI 6920 SONDE) 
• Mixing paddle and sprayer 
• Distilled water for dilution, cleaning and rinsing 
• Test report forms for recording data (sample in Appendix F) 
 
Treatment of Mine Water                                                                                                              Chapter 3                                     
with Colloidal Suspensions                                                                                Research Methodology        
                                                                                                            
 
35
3.6.2 TURBIDITY METER – SONDE DEVICE 
 
The SONDE device (Figure 3.3) was used to record Turbidity (NTU), pH and 
electrical conductivity for all turbid water samples and supernatant fluids and these 
were recorded onto the test report forms for later analysis. The device was operated by 
suspending the lens in the beaker and an LCD results screen showed the output for the 
water properties. 
 
Figure 3.3: SONDE Device 
 
3.6.3 PROCEDURE 
 
The following procedure was followed for Phase 2 of the test work. 
 
1. Obtain a suitable quantity of untreated mine water.  
2. Prepare reagent solutions as determined from either previous studies or as per 
the manufacturers’ specifications. Solution to be prepared in flasks just prior 
to conducting test work.  
3. Conduct tests in multiples to give a good spread of results. The tests were 
repeated five (5) times. 
4. Fill beakers to the 2000mL level with the turbid water. 
5. Determine pH, NTU, temperature and electrical conductivity of the turbid 
water using the SONDE device and record this on the test report form. 
6.  Use optimal reagent dose of made up solution. 
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7. Transfer the optimal dose of reagent solution to the beaker using either a 
pipette when small quantities of solution are required or a large syringe for 
larger quantities of solution. 
8. Agitate the water by using a mixing paddle. Note the number of rpm’s of the 
paddle and degree of agitation for further evaluation. Other application 
methods can be used such as spraying to the surface of the water sample. Note 
the application method on the test report form. 
9. Observe the water sample for floc formation and settling characteristics and 
make notes on the test report forms. 
10. Observe sediment interface level (beaker graduations) versus time 
(minutes/seconds) by using a stop watch and visual observation. Record onto 
test report forms. Later, prepare a settling curve by plotting the beaker 
graduations versus time for each reagent. 
11. For the purposes of clarification pond sizing, determine the settling rate over 
the initial linear section of the curve. Convert this to m/hr. This step was 
outside the scope of the project, however could be used in future work for 
clarification pond sizing. 
12. Determine pH, NTU, temperature and electrical conductivity of the 
supernatant fluid using the SONDE device after a nominal amount of time and 
record this on the test report form.   
13. Determine amount of settled solids in the water by either filtration or oven 
drying the settled material.  
14. Convert reagent dose to a unit cost/m3 (or tonne of solids) of turbid water for 
cost analysis. 
15. After analysis of tested reagents, select those suitable for the operation at 
GEMCO and further optimise the dose rate for improved cost effectiveness. 
 
3.6.4 TEST WORK DESCRIPTION 
 
Once the optimum dosage was determined (from Phase 1 - Preliminary Test Work) 
solutions were made up and stored in flasks. Tests were undertaken on the sample 
water in 2000mL beakers. This was so the SONDE device, which is quite large, could 
be immersed in the clarified supernatant to measure the properties of the clarified 
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water. Properties such as turbidity, pH and salinity could have substantial effect on the 
downstream environment. This data was recorded on the test report form. The Phase 2 
tests were repeated five times over several days to give a range of results for eventual 
collation and analysis. 
 
The beakers were lined up from left to right on the bench as shown in the following 
photo (Figure 3.4). Each beaker was assigned a particular reagent as listed below.  
 
• ULTRION 83679 (No.1 Beaker) 
• CIBA Magnasol 589 (No. 2 Beaker) 
• Aluminium Sulphate (No.3 Beaker) 
• Microgyp (No.4 Beaker) 
• Seawater (No.5 Beaker) 
 
The reagents were added to the 2000mL beakers at the optimum dosage.  
 
 
 
Figure 3.4: Reagents and Untreated Sample Water Prior to Testing 
 
3.7 SUITABLE REAGENTS FOR GEMCO 
 
Following Phase 2 testing of the five reagents, it became apparent that only two types 
of reagent were suitable for field application at GEMCO. Further tests were 
ULTRION 
83697 
CIBA 
MAGNASOL 
589 
ALUM MICROGYP SEAWATER
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undertaken using only Microgyp and seawater to check the effects of dosing 
application and to further optimise the dosage. The purpose of the optimisation testing 
was to closely examine the flocculation process and to determine the absolute 
minimum dosage required to achieve clarification to enable a cost analysis to be 
performed. 
 
3.8 APPLICATION TEST WORK 
 
3.8.1 THOROUGH MIXING 
 
Using the optimum dosage rate obtained from the preliminary test work for Microgyp 
in solution and seawater, the reagents were added to 2000mL beaker containing C 
Quarry water and stirred vigorously with a paddle for 2 seconds (4 revolutions). The 
settling characteristics were then observed. 
 
This type of application was to represent a good mix between the mine water and the 
added reagents if this can be achieved in the field. 
 
3.8.2 SPRAY APPLICATION 
 
For a spray application, a plastic spray nozzle was used to apply the Microgyp in 
solution and seawater to the surface of the C Quarry Water in 2000mL beakers. The 
settling characteristics were then observed. 
 
This type of application was to represent a hydromulcher being used to spray the 
reagent over the surface of the water in the field with good coverage over the turbid 
water surface. 
 
3.8.3 PARTIAL SPRAY APPLICATION 
 
For the partial spray application, the beaker was covered with an impermeable 
membrane and approximately 25% of the surface area of the C Quarry water was 
exposed and sprayed with the Microgyp in solution and seawater (Figure 3.5). The 
settling characteristics were then observed. 
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This type of application was to represent a hydromulcher to spray the surface of the 
turbid water, with a poor coverage being achieved in the field. 
 
Figure 3.5: Spray Application Method 
 
3.8.4 ADDITION OF SOLUTION – NO MIXING 
 
Due to the positive results obtained by the partial spray application, the Microgyp in 
solution and seawater were then added to the C Quarry water samples by gently 
pouring the solutions into the beaker. The solutions could be seen to enter the surface 
of the water and then ‘dribble’ down the side of the beaker. No agitation was applied 
to the samples and in the case of the Microgyp, the ‘yellowish’ coloured solution fell 
to the bottom of the beaker. The settling characteristics were then observed. 
 
This application was to represent very poor contact between colloidal suspensions and 
reagent should this situation arise in the field.  
  
3.9 SUSPENDED SOLIDS 
 
A graduated 1000mL glass beaker was used to measure the amount of suspended 
material in the water in both volume (beaker graduations) and weight (g/L) for 
reference. The test involved using Magnasol 589, Microgyp and seawater at optimum 
dosages to settle out the suspended matter and the resulting volume of settled material 
was measured in the beaker by the beaker graduations. 
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Two methods were employed for measuring the weight of suspended solids. 
 
1. Clear supernatant was carefully drained and then syringed off the top of the 
settled material and the remainder was put on fine filter paper and the 
remaining moisture removed with a compressed air vacuum device. The 
sludge left on the filter paper was then dried in drying ovens and then weighed 
to give a g/L amount of suspended material. 
 
2. The second method involved oven drying the settled material after syphoning 
off supernatant fluid with no prior filtration.  
 
3.10 SLIMES 
 
In the event that the water will be treated with a reagent and then discharged to the 
slimes dam for the particles to settle out, the effects of the settled material combining 
with the slimes in the dam was tested. The concern was that the settled material would 
‘coat’ the top of the slimes dam and make its way towards the intake pipeline and 
eventually get into the ore concentrator. 
 
Slimes were collected from the pipeline that discharges directly to the slimes dam. 
Settled material with some clear supernatant fluid was collected from tests with 
Microgyp for this test work. 
 
Three 2000mL were used for this test. The first beaker had the slimes in the beaker 
and the settled material was poured on top of the slimes.  
This was to represent treated water being discharged onto the surface of the slimes 
dam. 
 
The second beaker had the slimes and settled material poured into the beaker at the 
same time. This was to represent treated water being discharged into the slimes dam at 
the same time as discharge of slimes from the concentrator. 
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The third beaker had settled material on the bottom and the slimes were poured over 
the top. This was to represent the action of slimes discharge occurring on top of 
settled material from Microgyp treatment. 
 
3.11 RESUSPENSION OF SETTLED MATERIAL 
 
After the colloids settled from the turbid water and there was a clear line between the 
supernatant fluid and the settled material, the liquid was agitated by stirring with a 
paddle to try and resuspend the colloids. This was performed for all tests, at their 
completion.  
 
3.12 RATE OF SETTLEMENT 
 
Using the glass beakers, the rate of settlement was determined as a function of time by 
recording the time for the settled material to pass certain graduations on the beaker. 
These tests were performed in the 2000mL beakers.  
 
3.13 DEVELOPMENT OF IFD CURVES FOR ANGURUGU 
 
The purpose of developing Intensity Frequency Duration (IFD) curves for Angurugu 
was to aid in estimation the volume of water that is likely to be treated each wet 
season should C Quarry become an active mining site. The volume of water to be 
treated will need to be known in order to ascertain the cost associated with mining in 
C Quarry during the wet season. 
 
There is also the potential for treated water from C Quarry to be pumped to the dams 
area near the ore concentrator for reuse.  A detailed catchment analysis should be 
undertaken to estimate the amount of water that could be sourced, in order to 
determine if a stormwater harvesting project could be viable. The detailed catchment 
study was outside the scope of this project. The IFD Curves and the stormwater runoff 
estimation can be found in Appendix H. 
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4 RESULTS AND DISCUSSION 
 
4.1 PREVIOUS STUDIES 
 
The results contained in the previous studies helped initially determine approximate 
dosage rates for preliminary testing. They also provided some guidance as to the 
environmental effects of the polymer based flocculants and Aluminium Sulphate. 
 
The clarified water is most likely to be discharged to the river or ocean. The concern 
is that any residual reagent in the clarified water may harm the aquatic environment. 
Also, there would be no controls in place should overdosing of the water occur and 
then discharge proceed unchecked. One of the main parameters for the treatment 
methodology is that there should be no downstream detrimental effects to the 
environment.  
 
The risk of overdosing and therefore being unable to further treat the water or 
harming the environment with a chemical which is known to be toxic to fish is out of 
the question and the previous studies helped identify where this may be the case. 
 
Another parameter for the treatment methodology is that the field application of the 
water treatment process must be easy to apply. Thus sophisticated dosing and mixing 
apparatus, which is needed for some of the reagents, is outside the scope of 
GEMCO’s operations.  
 
4.1.1 CITIWATER LABORATORIES 
 
Aluminium Sulphate was used on the water samples with lime addition for pH 
correction. It was determined that the Alum was unsuitable because of problems with 
soluble aluminium at the low pH of the water sample. A cationic polyelectrolyte was 
also used and satisfactory results were obtained.  
 
The optimum dose was 8mg/l of the 45% active cationic polymer. It was noted that if 
the cationic polymer was overdosed, it no longer produced clarification of the water 
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and the water remained turbid and became very hard to treat. A copy of the report can 
be found in Appendix E. 
 
4.1.2 CIBA SPECIALTY CHEMICALS 
 
The report concluded that the most effective products were Magnasol 589, 576 and 
LT425. However, the report indicated that these products were potentially toxic to 
fish should overdosing occur and the water is then discharged into rivers. This was 
supported by the products materials safety data sheets. The report indicated the dosing 
levels that were effective for treatment of the water and are summarised in Table 4.1. 
 
Product Dose Rate of Product as 
Supplied 
Turbidity @ 10 minutes 
NTU 
Magnasol 576 10mL per m3 205 
 20mL per m3 19 
LT425 10mL per m3 199 
 20mL per m3 66 
Magnasol 589 10mL per m3 52 
 20mL per m3 39 
 
Table 4.1: Results of Citiwater Laboratories Report 
 
The report recommended an underdosing strategy and a spray application of the 
diluted coagulant onto the surface of the turbid water. 
 
Anionic flocculants were tested on the water samples (Ciba products Magnafloc 5250 
and Magnafloc 338) however these offered poor results from which it was concluded 
that the suspended solids were highly dispersed and therefore responded more 
favourably to the coagulant (cationic) products. The report can be found in Appendix 
E. 
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4.2 XRD ANALYSIS 
 
The XRD analysis was performed to determine if the sample clay matched the mineral 
concentration of montmorillonite clay. Expected upper and lower values (Newman, 
1987, p.50) were compared with the results of the XRD analysis. The results are 
contained in Table 4.2 below. 
 
Compound  Sample 
Value 
Expected 
Value  (Upper) 
Expected 
Value (Lower) 
Unit 
Mn 0.488 0.03 0.006 % 
Fe 3.466 3.35 1.06 % 
SiO2 58.744 64.7 54.07 % 
Al2O3 16.394 22.48 17.18 % 
P 0.0216 0.049 0 % 
Na2O 0.164 3.80 0.92 % 
MgO 2.558 4.32 2.09 % 
K2O 1.462 0.07 0.02 % 
CaO 0.154 0.15 0.03 % 
TiO2 0.784 0.37 0.00 % 
 
Table 4.2: Results of XRD Analysis and Comparison with Expected Values 
 
The clay sample that was collected came from a quarry edge in a mined out area. The 
in situ material had been significantly disturbed by dozers as it had been pushed to the 
side of the quarry as overburden. This would explain the high manganese reading in 
the sample. Not all the mineral elements fell within the expected values however, the 
composition matched more closely to the breakdown of montmorillonite clay than any 
other clay type. The conclusion was that the material found in C Quarry is 
montmorillonite clay. 
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4.3 PARICLE SIZE DISTRIBUTION 
 
The report obtained from Microns to Measure stated that the sample had a multimodal 
particle size distribution (Figure 4.1). About 76% of the sample was in a distribution 
between 0.04 and 0.9 microns with a maximum at about 0.33 microns. The mean size 
for this distribution was 0.31 microns. 
 
The remainder of the sample was in a broad distribution between 0.9 and 10 microns 
with a maximum of about 1.7 microns. The overall mean was 0.82 microns and the 
median 0.36 microns. Therefore the particles fell into the colloidal size range. The 
report can be found in Appendix E. 
 
 
Figure 4.1: Particle Size Distribution 
4.4 WATER SAMPLES 
 
Water collected from C Quarry was stored in lidded, ten (10) litre buckets in the oven 
room of the metallurgy laboratory. The room was not air conditioned and the sample 
water was not kept for more than three days. Thus, the temperature of the water was 
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kept consistent with the outdoor temperature. The lids prevented the sample water 
from being contaminated with manganese dust. The pH of the sample water did not 
vary in the course of three days and so it was concluded that water stored in this 
manner was an acceptable representation of the water in C Quarry. 
 
Sample water was tested with the SONDE turbidity meter prior to every test and the 
properties of the water were recorded. It was found that the properties of the water 
varied slightly. This was put down to several factors such as: 
 
• Recent heavy rainfall prior to collecting samples may have diluted the turbid 
water and thus affected the turbidity measurement and pH level 
• Collecting water with the bailer may have stirred up sediment from the bottom 
of the quarry floor as the only accessible point to the water by foot appeared to 
be shallow. It was hard to tell how deep to allow the bailer as it was 
impossible to visually determine the bottom of the quarry floor through the 
turbid water 
• Larger particles may have settled in the buckets whilst being stored as the 
stored sample water was not exposed to the elements. 
 
Due to the slight variance in sample composition, and should the work in this 
dissertation be used in the future for testing, it will be recommended that the bench 
top testing method presented in Chapter 3 be followed to determine the optimum 
dosage for the water to be treated prior to commencing a field scale test.  
 
4.5 PHASE 1 - PRELIMINARY LABORATORY WORK 
 
In the course of the screening test work it became evident that not all the products 
were suitable for use on C Quarry water. Some of the reagents gave a cloudy 
supernatant fluid or appeared to be sensitive to overdosing. Other products indicated 
on their material safety data sheets that there was a chance of causing toxicity to the 
environment upon discharge and were discounted. 
 
The observations made during the screening tests are summarised in Table 4.3 on the 
following pages.  
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No. 
Product 
Name 
Test Description Observation and Optimum Dosage 
Continue 
Testing? 
1 Aluminium 
Sulphate 
(Liquid) 
Aluminium sulphate comes as a 50% solution. A series of 
100ml beakers were dosed with 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 
and 4.0 of the solution which equates to 1.0, 2.0, 3.0, 4.0, 
5.0, 10.0 and 20.0 0ml/L of the pure aluminium sulphate. 
Solution was stirred into the beakers.  
Flocs formed and settled with increasing speed in accordance with 
increasing dosage. The flocs tended to settle out after 
approximately 10 minutes. The supernatant fluid showed good 
clarity. The optimum dosage appeared to be 1ml/L (0.2ml of solution 
into a 100ml beaker). 
 
 
9 
2 Ciba 
Magnasol 
589 
Coagulant 
The coagulant comes in 100% liquid form however the 
liquid is quite viscous so it was diluted to 0.25% v/v in 
distilled water. A series of 100ml beakers were dosed with 
0.2, 0.4, 0.6, 0.8, 1.0ml of the solution which equates to 
5.0, 10.0, 15.0, 20.0, 25.0ml/m3 of the pure Magnasol 589. 
Coagulant was stirred rapidly into the samples. 
Initially, the Magnasol was made up into a 50% solution and the 
water dosed with 1000ml/L of product. The water did not flocculate 
at all and this was in accordance with the Ciba Speacialty 
Chemicals report that if overdosing occurs, the water remains turbid 
and will be difficult to treat. With the smaller doses, flocs formed 
immediately and settled within 3 minutes. The optimum dose is 
20ml/m3. 
9 
3 Ciba 
Magnasol 
576 
The coagulant comes in 100% liquid form however the 
liquid is quite viscous so it was diluted to 0.25% v/v in 
distilled water. A series of 200ml beakers were dosed with 
0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6 and 4.0ml of the 
solution which equates to 5, 10, 15, 20, 25, 20, 35, 40, 45 
and 50ml/m3 of the pure Magnasol 576. Coagulant was 
stirred rapidly into the samples. 
Flocs did not seem to form very readily and the supernatant fluid 
appeared cloudy. The optimum dosage appeared to be around 30ml 
m3 with higher dosages showing signs of overdosing. The product 
was discounted due to the cloudy supernatant however this was not 
consistent with the report from Ciba Specialty Chemicals which 
listed this product as suitable. 
8 
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No. 
Product 
Name 
Test Description Observation and Optimum Dosage 
Continue 
Testing? 
4 Nalcoag 
3268 
 
The coagulant comes in 100% liquid form however the 
liquid is quite viscous so it was diluted to 0.5% v/v in 
distilled water. A series of 200ml beakers were dosed with 
0.2, 0.4, 0.6, 0.8, 1.0 and 2.0ml of the solution which 
equates to 5.0, 10.0, 15.0, 20.0, 25.0 and 50ml/m3 of the 
pure Nalcoag 3268. Coagulant was stirred rapidly into the 
samples. 
The supernatant fluid isn’t as clear as with some of the other 
reagents. The optimum dosage appeared to be about 25 ml/m3. The 
use of this reagent was discounted due to the insufficient clarity of 
supernatant fluid. 8 
5 Ultrion 
8187 
(Water 
Clarification 
Aid) 
The coagulant comes in 100% liquid form however the 
liquid is quite viscous so it was diluted to 0.5% v/v in 
distilled water. A series of 200ml beakers were dosed with 
0.6, 1.0 and 2.0ml of the solution which equates to 15.0, 
25.0 and 50ml/m3 of the pure Ultrion 8187. Coagulant was 
stirred rapidly into the samples. 
The flocs form in a matter of seconds with a clear supernatant fluid. 
The optimum dosage appeared to be about 25 ml/m3.  
8 
6 Ultrion 
83697 
(Potable 
Coagulant) 
The coagulant comes in 10-30% w/w liquid form however 
the liquid is quite viscous so it was diluted to 0.5% v/v in 
distilled water. A series of 200ml beakers were dosed with 
0.1, 0.2, 0.4, 0.8 and 1.2ml of the solution which equates to 
2.5, 5, 10, 20 and 30ml/m3 of the pure Ultrion 83697. 
Coagulant was stirred rapidly into the samples. 
This reagent seemed to be sensitive to under and overdosing. The 
flocs formed rapidly with almost instantaneous settlement and 
extremely clarified supernatant fluid. The optimum dosage appeared 
to be about 5 ml/m3.  
9 
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No. 
Product 
Name 
Test Description Observation and Optimum Dosage 
Continue 
Testing? 
7 Micro-Gyp Gypsum powder added to small amount of distilled water 
and stirred into water sample 
Flocs appear to be about 0.5 to 1mm in diameter. Flocs settle after 
around 30 minutes. It is noted that small dosages take a little longer 
to settle out. Optimal dosage is determined to be 0.5g/L 
9 
8 DamClear 
Flocculant 
Block 
A small piece of the flocculant flock was added to a flask 
containing sample water and agitated to dissolve the 
flocculant. A field test was also undertaken. 
There appeared to be no floc formation or clarification of the water 
in the field during the field test. 8 
9 Seawater Seawater was added by syringe. A series of 200ml 
beakers were dosed with 1, 2, 10.5, 22, 48ml which 
equates to 0.5, 1, 5, 10 and 20% of the volume of sample 
water. The seawater was stirred rapidly into the samples. 
The larger dosages were showing fair clarity after 20 minutes 
however, the optimum dosage was determined to be 1% seawater 
to volume of sample water but settlement of particles took several 
hours. 
9 
 
Table 4.3: Observations During Preliminary Laboratory Test Work 
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4.5.1 FLOCCULANT BLOCK TEST 
 
The flocculant block tested in the flask did not destabilise the clay suspension. This 
was thought to be because the flocculant block is made up of an anionic polymer. The 
negative charge of the clay suspension means that the colloids were not destabilised 
by the addition of an anionic polymer. This was supported by the Citiwater 
Laboratories report which noted that anionic flocculants were ineffective. 
 
The block was also taken to the field for testing. The manufacturer’s specifications 
instruct that the block is to be immersed in the water at a point of turbulence just 
upstream of a settling pond. The specification stated that flocs would form instantly.  
 
A culvert entrance (point of turbulence) was selected for immersing the block into the 
flow of turbid water. The block was held in place with a survey peg. Directly 
downstream of the culvert was a widening of the channel and the flow of water 
slowed considerably. This would allow for any flocs that form to settle out and it was 
expected to see some clarification of the water. This did not occur and it was decided 
that unless the flocculant block contained a cationic polymer, it would not be suitable 
for treatment of the C Quarry water. 
 
Figure 4.2 shows the field testing of the flocculant block. 
 
Flocculant block is removed from packaging Flocculant block is held in place with survey peg. Instant 
clarification is not evident. 
 
Figure 4.2: Flocculant Block Test 
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4.5.2 PHASE 1 SUMMARY 
 
The reagents were assessed on the following selection criteria (Table 4.4) in order to 
determine their compatibility with the treatment objectives. This determined which 
reagents would progress to Phase 2 of testing. 
 
Selection Criteria Objective 
Clarity of supernatant fluid 
 
Turbidity must be less than 50 NTU 
Settling time 
 
Must be within 24 hours 
Ease of application 
 
The reagent must be able to be readily 
applied to large quantities of water in the 
field 
Risk of negative impact to environment 
 
MSDS and research on the reagent must 
show that there is no detrimental effects 
to the downstream environment 
 
Table 4.4: Selection Criteria for Preliminary Laboratory Test Work 
 
From the abovementioned selection criteria the following five (5) reagents appeared 
to achieve the desired results: 
 
• ULTRION 83679  
• CIBA Magnasol 589 
• Aluminium Sulphate  
• Microgyp 
• Seawater 
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4.6 PHASE 2 – LABORATORY TEST WORK 
 
After addition of the optimum dosage, the settlement characteristics, times and other 
comments were recorded on the test report form. 
 
Figure 4.3 shows the sample water just after addition of the reagents. Note that the 
Ultrion 83697, Ciba Magnasol 589 and Aluminium Sulphate have reacted 
immediately. Microgyp and seawater do not initially appear to show floc formation. 
 
 
Figure 4.3: 10 Minutes after Addition of Optimum Reagent Dosage 
 
Figure 4.4 shows the same test several hours later. Note that all reagents have 
satisfactorily settled the suspended material. 
 
 
Figure 4.4: Several Hours after Addition of Optimum Reagent Dosage 
ULTRION 
83697 
CIBA 
MAGNASOL 
589 ALUM MICROGYP SEAWATER
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4.6.1 ULTRION 83697 (BEAKER 1) 
 
The optimum dosage for Ultrion was found to be 5ml/m3. The reagent had to be made 
up into a solution with distilled water as only very small quantities were required to 
treat the water. The Ultrion solution was then added to the sample water with a pipette 
to control the small dosage required and mixed into the water with a paddle.  
 
The formation of flocs was instantaneous with the floc size being very large which is 
expected of a polymer flocculant. The flocs would swirl in the clarified supernatant 
fluid due to the mixing motion of the paddle. When the water stilled, the flocs settled 
out rapidly and the large floc structure was visible on the bottom of the beaker. The 
settling time was within minutes. 
 
4.6.2 CIBA MAGNASOL 589 (BEAKER 2) 
 
The optimum dosage of Ciba Magnasol 589 was found to be 20ml/m3. The reagent 
had to be made up in solution with distilled water as only very small quantities were 
required to treat the water. The Ciba Magnasol 589 was then added to the sample 
water with a pipette to control the small dosage required and mixed into the water 
with a paddle.  
 
The formation of flocs was rapid, although a smaller floc size formed than with the 
Ultrion. This is possibly due to a different chain length of the polymer. After the water 
became stationary, the flocs settled rapidly to the bottom of the beaker. The settling 
time was within minutes and similar to Ultrion 83697. 
 
4.6.3 ALUMINIUM SULPHATE (BEAKER 3) 
 
The optimum dosage for Aluminium Sulphate was found to be 1ml/L. The reagent 
was supplied in a 50% v/v solution. A pipette was used for the small dosages required. 
The flocs that formed were less than 1mm in diameter. They formed about 1 minute 
after addition to the water sample. The flocs took about 10 minutes to settle out unlike 
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the Ultrion 83697 and Ciba Magnasol 589 which settle rapidly. The resulting 
supernatant fluid is extremely clear. 
 
4.6.4 MICROGYP (BEAKER 4) 
 
The optimum dosage of Microgyp was determined during the preliminary test work as 
0.5g/L. Microgyp had to be dissolved into a small amount of distilled water for 
addition to the sample water. Not all the Microgyp would dissolve however, the 
particles of Microgyp would be suspended in the distilled water. Just after addition of 
the Microgyp in solution, no visible flocs seem to occur. After approximately 10 
minutes, it could be seen that flocculation occurred and particles were settling 
however, the supernatant fluid was still quite turbid. After 30 minutes, the supernatant 
fluid was extremely clear.  
 
4.6.5 SEAWATER (BEAKER 5) 
 
The optimum dosage of seawater was determined as 1.0% of the volume of water to 
be treated. Seawater was added to the sample water with a large syringe due to the 
larger dosage required than the commercial reagents.  
 
Just after addition of the seawater, no visible flocs seemed to occur. After 
approximately 20 minutes, it could be seen that seawater formed a clear layer on the 
bottom of the beaker. This was due to the seawater being denser than the sample 
water. Flocculation appeared to occur from the bottom of the beaker in an upwards 
direction. After approximately 2 hours, the supernatant fluid had adequate clarity. 
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4.6.6 SUMMARY OF RESULTS 
 
C Quarry water samples, on average, had the following properties prior to testing. 
 
Property Measurement
Turbidity 462.5 NTU 
pH 7 
Temperature 25°C 
Electrical Conductivity 0.0325 mS/cm
 
Table 4.5: C Quarry Water Properties Prior to Treatment 
 
After testing, which was determined when the turbidity reached an acceptable level (ie 
below 50 NTU), the supernatant fluid had the following properties. 
 
 
Reagent Dosage Turbidity NTU pH 
Temp 
°C 
Electrical 
Conductivity
mS/cm 
ULTRION 83697 
 
5ml/m3 24.7 4.5 25 0.078 
CIBA MAGNASOL 589 
 
20ml/m3 12 4.5 25 0.087 
ALUMINIUM  
SULPHATE 
1ml/L 4.3 3.8 25 0.749 
MICROGYP 
 
0.5g/L 21.9 5.5 25 0.527 
SEAWATER 
 
1.0% 27 5.8 25 0.812 
 
Table 4.6: C Quarry Water Properties after Treatment and Optimum Dosages 
 
All reagents show an acceptable level of clarity and meet with the EPA standard of 
<50 NTU to ensure that aquatic environments will be protected. 
 
The addition of all reagents tends to drop the pH of the clarified water. In the case of 
the polymers and aluminium sulphate, the pH level is considered degraded for water 
entering a riverine system. The pH may stabilise with time, however this was not 
tested. 
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The Microgyp and seawater present a pH which is acceptable for release into an 
aquatic environment. 
 
The electrical conductivity (and therefore the salinity) of the clarified water increases 
after treatment to varying degrees. The polymers do not significantly increase the 
electrical conductivity of the clarified water. Aluminium Sulphate, Microgyp and 
seawater however increase the electrical conductivity. Rivers can have water with 
electrical conductivity of up to 0.8 mS/cm and still be considered freshwater. 
 
The treatment with 1% seawater brings the electrical conductivity just over this level. 
If this treatment option is ever considered for treatment of turbid water to then be 
recycled to the concentrator, dilution with bore fields water would be required. 
Otherwise, a corrosion study would need to be undertaken. 
 
4.7 SUSPENDED SOLIDS 
 
The following table lists the results from the two methods of measuring the suspended 
solids. Generally, the clay suspensions settled to approximately the 150mL mark on a 
2000mL beaker, however, when this material was syphoned and dried or filtered, the 
amount of dried material was very small. 
 
Reagent Filter and dry 
g/litre 
Siphon and oven dry 
g/litre 
Magnasol 589 0.6 0.7 
Microgyp 0.8 0.8 
Seawater (filter not working) 2.7 
 
Table 4.7: Suspended Solids 
 
The fact that the amount of solids is so small supports the Microns to Measure report 
which shows that the colloidal particles are ultra fine.  
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4.8 SLIMES 
In the event that the water will be treated and then discharged to the slimes dam for 
particles to settle out, the effects of the settled material combining with the slimes in 
the dam was tested. 
 
After three hours, the slimes and added settled material had settled to the bottom of 
the beakers leaving a clear supernatant fluid. There was no indication that the three 
methods had made any difference to the settling characteristics of the slime. The 
samples were then left sitting for two days. After this time, there was no apparent 
visual change to the top surface of the settled slimes. It was not evident that the settled 
material would sit on top of the slimes, as was hypothesised.  
 
Settled material added to slimes by various methods 
 
Settled material 
 
After 3 hours, no indication of settled material coating surface 
 
Figure 4.5: Settled Sludge and Slimes Tests 
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4.9 RESUSPENSION OF SETTLED MATERIAL 
When settled material on the bottom of the test beakers was stirred with the mixing 
paddle to attempt to resuspend the particles, the particles merely settled back to the 
bottom of the beaker after a short amount of time. This is because the colloidal system 
is no longer stable and the particles cannot simply return to their suspended state.  
 
Also, it would appear that the agglomeration of the particles is not reversed with 
agitation by the mixing paddle and hence, the particles resettle within a short amount 
of time, in about 10 minutes, unlike when they are first treated in the case of 
Microgyp and seawater, which can take several hours. Severe agitation of polymer 
treated flocs can lead to breakdown of the floc structure. 
 
4.10 RATE OF SETTLEMENT 
 
The rate of settlement of the particles is of interest to GEMCO for future work as this 
will determine how large to make the clarification ponds. The particle settlement rate 
could be determined from the settling curves and approximating a straight line to give 
a m/hr rate.  
 
For some reagents, it was not initially clear where the supernatant/turbid water 
interface line was between the settling material and the clarified water. However this 
would become apparent after an initial period. In the case of the polymer reagents, 
due to the extremely fast floc formation, there was an instant separation of the 
suspensions from the clear supernatant and therefore settlement times were very short. 
 
4.11 COST ANALYSIS 
 
Based on the Phase 2 test work, settlement rate curves were plotted and a cost analysis 
was performed. Companies supplying products were contacted for pricing 
information. Ciba Specialty Chemicals was reluctant to give information about the 
price of their product and as such, this product could not be priced. 
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The price of seawater is based on the cost to pump the water from the ocean to a point 
where the turbid water and the seawater can mix and have time for the particles to 
settle such as a clarification pond.  
 
Pumps at GEMCO were run using diesel fuelled generator sets and a survey was 
conducted to measure the fuel usage at the bore field pumps to determine the running 
costs. The bore field pipe lines have flow meters and thus, water pumped per amount 
of fuel could be measured.  
 
These pumps operate against approximately 65m of head. The seawater pumps would 
not be pumping against this much head, so the cost determined from the fuel usage 
survey at the bore fields is a worst case scenario. The result was $0.06/m3 of water 
pumped and this has been used for the cost analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Settlement Curves and Treatment Costs per m3 
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4.12 VIABLE OPTIONS FOR GEMCO 
 
4.12.1 MICROGYP 
 
Microgyp appeared to be the least sensitive method to dosing. Higher dosages caused 
particles to settle out more quickly. Overdosing causes Microgyp particles to settle to 
the bottom due to their high density and therefore supernatant fluid is suitable to 
discharge to the environment.  
 
It is a common flocculant used on building sites to deal with turbid water and is 
readily available and relatively cheap. Microgyp settling times were quite slow 
compared with the other commercial reagents, but still gave an exceptionally clarified 
supernatant. However, for the amounts of water to be treated in C Quarry (not to 
mention the rest of the mine site) it would appear that this option could be costly. 
Microgyp tends to clarify the water with enough time so the optimum dosage depends 
on the required settling time. 
  
As the cost of Microgyp could affect whether this is a suitable reagent for GEMCO an 
optimisation of the amount of Microgyp required was undertaken. The purpose of this 
was to establish what the absolute minimum amount of Microgyp is required to clarify 
the water.  
 
A series of tests were undertaken in 200ml beakers using a sprayer to apply the 
Microgyp in solution as can be seen in Figure 4.7.  
 
 
Figure 4.7: Optimisation of Microgyp Testwork 
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The optimised dosage was 0.2g/L which clarified the water when left to stand 
overnight. Smaller amounts of Microgyp still clarified the water, however, at an 
amount less than 0.1g/L, the results started to show poor clarity and thus, 0.2g/L was 
selected. Refer to figure 4.8. 
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Figure 4.8: Microgyp Optimisation Curve 
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4.12.2 SEAWATER 
 
The optimum dosage of seawater was readily discovered during the preliminary test 
work phase and Figure 4.9 illustrates that 1% seawater to the volume of water to be 
treated is the optimum dose. 
 
Seawater is readily available to GEMCO and by using seawater pumps and a pipeline, 
water could be pumped for use as the treatment reagent. 
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Figure 4.9: Seawater Optimisation Curve 
 
4.13 APPLICATION DISCUSSION 
 
The application tests in the laboratory indicated that both Microgyp and seawater are 
fairly insensitive to dosing in that they didn’t require considerable particle contact to 
be effective. Whilst the largest test was undertaken in a 2000mL beaker, it was 
difficult to conclude at a field scale application how much particle contact would be 
required before settling times became too great or settlement was non existent due to 
there being too much distance between the reagent and colloids. However, the 
application of both Microgyp and seawater by pouring the reagents into the beakers 
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was promising. Both reagents were still effective with this application method and this 
is promising for field application. 
 
Spraying of Microgyp solution or seawater onto the surface of the quarry water could 
prove difficult if the quarry is too vast. Pumping the turbid water to a smaller 
treatment area may be effective and the clarification pond would need to be deep 
enough to ensure that settled material could be stored until such time as being able to 
be removed or covered over. Clear supernatant could be pumped out of the 
clarification pond from a floating takeoff or an overflow weir could be set up.  
 
Problems could occur with resuspension of settled material. The material would not 
actually go back into suspension, as determined from the laboratory testing, however 
due to external agitation such as pump vibrations or wind action on the surface of the 
clarification pond, there could be a risk that settled material could be stirred up and 
discharged to the river.  
 
In the event of a major rainfall event during the wet season, it is also possible that the 
settled material could be picked up and overflow to the river, which would pose an 
environmental hazard. 
 
Ideally, clarification ponds should be deep enough to prevent settled material from 
being picked up in a major rainfall event and carried to the river or ocean. Removal of 
the settled material to the dry tip where it could be covered over is an option. 
Therefore, the treatment method should not stop at just discharging clear water but 
also deal with the settled material so that it cannot enter the aquatic environment. 
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Note that when Microgyp was poured down the side of the beaker, the particles still 
flocculated and settled. (Figure 4.10 left beaker). Seawater forms a clear layer on the 
bottom of the beaker and settles particles from the bottom of the beaker in an upwards 
direction. (Figure 4.10 right beaker). 
 
 
Figure 4.10: Settling Characteristics of Microgyp and Seawater 
 
The Microgyp settles the suspended material faster than seawater (Figure 4.11), but if 
left to stand for several hours, both reagents leave a clarified supernatant fluid.  
 
 
Figure 4.11: Settlement Rates of Microgyp versus Seawater 
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5 RECOMMENDATIONS 
The purpose of this section is to outline a procedure for dealing with turbid mine 
water in C Quarry and to offer some recommendations that can be adapted to other 
areas of the mine experiencing similar problems. 
 
The following sections break the process down into steps so that Environmental 
Officers can follow the procedure and effectively manage the mine water prior to 
discharge. 
 
5.1 TREATMENT PROCEDURE 
 
This section should form the basis for a treatment procedure at GEMCO when dealing 
with turbid mine water. The procedure can be adapted for any reagent and the 
optimum dosages given are for the turbid water in C Quarry. Should turbid water be 
encountered elsewhere on the mine site (such as in A South Quarry), then the 
procedure can be adapted to suit the turbidity levels of that particular site. 
 
5.1.1 COLLECT WATER SAMPLE 
 
A sample of water should be collected from the site, being careful not to disturb the 
bottom of the quarry and therefore picking up excess sediment. The bailer should be 
used so that the sample is from an area giving a representative sample of the water in 
the quarry. 
 
5.1.2 DETERMINE NATURE OF TURBIDITY 
 
To determine the nature of the suspended material, a sample of the clay material 
should be taken for XRD analysis. The sample should be as free of organic and other 
debris as possible to give a representative sample of the clay. The sample should be 
tested in the XRD machine in the metallurgy laboratory and the chemical composition 
checked against the standard composition of montmorillonite clay. 
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5.1.3 LABORATORY TESTWORK 
 
For C Quarry water with a turbidity of 462.5 NTU the dosages in Table 5.1 clarified 
the water. 
 
Microgyp Seawater 
0.2g/L 1% of sample volume 
  
Table 5.1: Optimised Dosages of Microgyp and Seawater 
 
Select a range of values based on the turbidity in NTU of the collected sample. For a 
lower turbidity than 462.5, trial a range of values below and up to the optimum levels 
in Table 5.1. Vice versa for sample water with a higher turbidity level than 462.5. 
 
Using 2000mL beakers in series, fill each beaker with the collected water sample to 
the 2000mL mark. Apply the range of dosages of the selected reagent and record the 
settling rate. After a given period of time, test the supernatant fluid with the SONDE 
turbidity meter to ensure that the turbidity has fallen below the acceptable standard of 
50 NTU. 
 
5.1.4 DETERMINE SUITABLE REAGENT 
 
A decision based on cost and application should be made to determine which reagent 
will be used to treat the water.  
 
The acceptable level of turbidity should be a function of cost, required settlement 
time, efficiency and environmental considerations.  
 
The tests should be repeated to narrow down the optimum dosage according to these 
requirements. 
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5.2 NORTHERN QUARRIES (C QUARRY) 
 
The dewatering requirement of C Quarry for mining operations to commence in 2008 
is a substantial undertaking due to the shear volume of water to be treated. The 
treatment procedure will involve the mass treatment of water, followed by a retention 
time in a settling zone prior to mass discharge of the water. 
 
The application tests involving seawater and Microgyp revealed that consistent 
particle contact was not required and it was determined that either of these reagents 
would be suitable depending on the final use of the water.  
 
Water from C Quarry needs to be pumped to a location away from the 
montmorillonite clay to eliminate the possibility of further rainfall events contributing 
further colloidal suspensions into the treated water. The location has to have sufficient 
capacity to act as a permanent settlement basin for ongoing treatment. The location 
should preferably be deep, and of substantial length to ensure that settlement occurs.  
 
A suitable location could be F1 Quarry, which has been previously mined out and has 
apparent sufficient depth. The turbid water could be pumped to this location and then 
treated. Conversely, a clarification pond could be constructed elsewhere on the mining 
lease. 
 
5.2.1 C QUARRY – DISCHARGE TO RIVER 
 
Discharge of treated C Quarry water to the river is recommended by installing 
seawater pumps and a pipeline to F1 Quarry. Upon settling of the material, a floating 
pump could be used to pump off the clarified supernatant fluid for discharge 
downstream to the river. Refer to Schematic Map 1 in Appendix G. 
 
5.2.2 C QUARRY – REUSE AT CONCENTRATOR 
 
Discharge of treated C Quarry water to Dam 1 for reuse at the concentrator is 
recommended by the use of Microgyp to treat the turbid water. A hydromulcher could 
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be used to apply the Microgyp in solution to the surface of the water. Upon settling of 
the material, a floating pump could be used to pump the clarified supernatant fluid 
through a pipeline to Dam 1. Refer to Schematic Map 2 in Appendix G. 
 
5.2.3 C QUARRY – DISCHARGE TO OCEAN 
 
Discharge of treated C Quarry water to the ocean is recommended by constructing a 
clarification pond on the mining lease, close to the ocean. C Quarry water could be 
pumped north until it can discharge and flow overland to the clarification pond. 
Seawater pumps and a pipeline could supply the required amount of seawater to the 
clarification pond to settle the suspended material. Upon settling of the material, a 
floating pump could be used to pump the clarified supernatant fluid through a pipeline 
to the ocean. Refer to Schematic Map 3 in Appendix G. 
 
5.3 SOUTHERN QUARRIES (A SOUTH) 
 
Since the commencement of this project, A South Quarry exhibited similar problems 
with turbid water and from the original geological exploration study, the cause of the 
turbid water is the presence of montmorillonite clay in this area. 
 
5.3.1 A SOUTH QUARRY – REUSE AT CONCENTRATOR 
 
Turbid water from A South Quarry flow through overland channels towards the Dams 
area. This water could instead be diverted to a clarification pond constructed on the 
mining lease. It is recommended that the turbid water be treated with Microgyp. A 
hydromulcher could be used to apply the Microgyp in solution to the surface of the 
water. Upon settling of the material, a floating pump could be used to pump the 
clarified supernatant fluid through a pipeline to the ‘gash’, where the water would 
flow overland towards the Dams area. Refer to Schematic Map 4 in Appendix G. 
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5.3.2 A SOUTH QUARRY – DISCHARGE TO OCEAN 
 
Again, turbid water from A South could be diverted into a clarification pond 
constructed on the mining lease. It is recommended that seawater pumps and a 
pipeline be used to supply the required amount of seawater to the clarification pond to 
settle the suspended material. Upon settling of the material, a floating pump could be 
used to pump the clarified supernatant fluid through a pipeline to the ocean. Refer to 
Schematic Map 5 in Appendix G. 
 
5.4 MAINTENANCE OF CLARIFICATION PONDS 
 
Settled material should be occasionally scraped out by an excavator. The material 
could be transported to the dry dip to be covered over. This should be done annually 
just prior to the wet season as a large rainfall could pick up the settled material and 
flush it down stream to the river. In this event, the resuspended material would 
quickly resettle however, as has been previously discussed, this would cause 
significant damage to downstream aquatic systems. 
 
Should mining operations need to continue during the set season, the water should be 
pumped and treated in batches according to the required retention time in the 
sedimentation area. An area should be sized to ensure that the treatment phase does 
not mean that quarry water will back up and cause mining operations to cease. The 
process should allow continuous mining during the wet season. 
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6 CONCLUSIONS 
 
Future work needs to investigate the effect of using the turbid water through the 
concentrator. The water may not have any detrimental effects at the concentrator in 
which case, it may be viable to install a pump line to Dam 1 directly from C Quarry. 
Relating to the construction of such a pipe line, future work should also include a 
detailed catchment study to ascertain the potential benefits of stormwater harvesting 
and a groundwater study in the C and F1 quarry areas. This could lead to an alternate 
and sustainable supply of water to the concentrator. 
 
The effects of using treated water through the concentrator should be the subject of a 
separate study. Residual Microgyp in the water may affect the ore beneficiation 
process and seawater could have a corrosive effect on pipework and fittings. Future 
work should take the form of a corrosion study. 
 
The project objectives are now addressed. 
 
Information on montmorillonite clay and how it goes into suspension and forms a 
stable colloidal system was researched. Reagents for aiding in the treatment of the 
turbid water were sourced and researched.  The effects of turbid and treated water on 
the environment were also researched however, further investigation needs to be done 
on the effects of treated water in downstream environments, such as at the 
concentrator. 
 
The available literature on the above topics was critically reviewed. 
 
It was determined that Microgyp and seawater were the most feasible reagents for the 
operation at GEMCO, depending on the final use of the treated water. 
 
Chapter 3 outlined an appropriate methodology for testing the chosen reagents and 
laboratory testing of samples was completed in accordance with this methodology. 
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Chapter 5 outlined treatment approaches for field operation based on the laboratory 
test results and from a cost effectiveness and ease of application point of view. 
Several recommended treatment procedures were compatible with GEMCO’s 
operations, depending on the final use of the clarified water. The recommendations 
made in Chapter 5 should be put forward for further discussion and development. 
 
Finally, seawater offers the best solution to the turbidity problem at GEMCO due to it 
being freely available year round, having no detrimental downstream effects on the 
environment and its ease of application.  
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